Purpose: This was an exploratory study to test two hypotheses related to potential epithelial precursors to ovarian cancer: (a) histologically normal ovarian surface epithelium exhibited changes in the nuclear chromatin pattern, which indicate an ovarian abnormality, and (b) such changes were detectable in the ovarian surface epithelium of cancer-free subjects who were at high risk for ovarian cancer. Experimental Design: Ovaries were carefully collected to avoid damage to the surface epithelium. Five-micron-thick histologic sections were cut and stained with H&E. Highresolution images were recorded from the ovarian surface epithelium and from the underlying stroma of ovaries from normal women (10 cases), women at high risk of developing ovarian cancer (7 cases), and histologically normal areas adjacent to ovarian cancer (3 cases). Karyometric features and measurements of nuclear abnormality were computed for 3,390 epithelial nuclei. Discriminant function analyses and unsupervised learning algorithms were employed to define deviations from normal and to identify the subpopulations of nuclei exhibiting these changes. Results: Epithelium from ovaries harboring a malignant lesion had changes in the nuclear chromatin pattern consistent with a second phenotype, which were not visually detected with histopathologic surveillance. This phenotype was also present in the ovaries obtained from women at increased risk of ovarian cancer, suggesting that it may represent a premalignant abnormality. These changes were statistically significant. Conclusion: The observed changes in karyometric features were sufficiently distinct to warrant further study as both diagnostic and prognostic biomarkers for early detection and prevention of ovarian cancer. 
Introduction
Ovarian cancer has the highest mortality of all gynecologic cancers; 70% of women with ovarian cancer die of their disease within 5 years. Although major progress has been made toward increasing the disease-free interval for women with ovarian cancer, there has been little impact on 5-year survival. Survival is high in women who present with early stage disease, but the lack of specific symptoms, the relative inaccessibility of the ovaries deep in the pelvis, and the absence of information about precursor lesions represent barriers to early detection. The treatment of stage III or stage IV ovarian cancer is highly morbid, expensive, and associated with high recurrence and mortality rates. Although the overall cumulative lifetime risk of ovarian cancer is relatively low (1.5-1.7%; ref. 1) , there are subgroups of women with moderately or significantly increased risks of ovarian cancer who have a higher disease prevalence. Women with a family history suggestive of hereditary breast/ ovarian cancer syndrome are at exceedingly high risk with lifetime risk of developing ovarian cancer ranging from 16% to 40% (2) . Such women would benefit greatly from effective early detection methods, which currently do not exist.
One of the challenges related to early detection and prevention of ovarian cancer has been the uncertainty as to whether a premalignant or precursor lesion exists (3) (4) (5) (6) (7) (8) (9) . In other organ systems, such lesions have been critical to the success of early detection programs (e.g., cervical intraepithelial neoplasia for carcinoma of the uterine cervix, ductal carcinoma in situ for breast cancer, and advanced adenomatous polyps in colorectal cancer). These abnormalities can be identified and treated in the early stages of carcinogenesis, which prevents the development of invasive cancer. At the present time, this cannot be accomplished for ovarian cancer. Small collections of malignant cells contiguous with normal ovarian epithelium suggestive of an intraepithelial neoplasia, but not involving underlying tissues, can be found in ovaries removed from women who eventually develop primary peritoneal carcinomatosis (5), high-risk women who undergo prophylactic oophorectomy (5, 6) , and in areas adjacent to stage I cancers that show a transition from malignant to normal epithelium (7) . However, a characteristic histologic precursor lesion for ovarian cancer is not apparent in all prophylactic oophorectomy specimens (8, 9) . Nonetheless, women at increased genetic risk of ovarian cancer are sufficiently motivated to undergo periodic screening with transvaginal ultrasound and CA125 measurements or, recognizing that there is little evidence of benefit associated with screening strategies, may consider risk-reducing salpingooophorectomy. However, prophylactic oophorectomy in young women is complicated by the morbidity due to premature menopause and concerns regarding the possible risks of hormones in a setting which includes a slightly increased risk of breast cancer (10) .
The techniques of computerized image analysis of cells have been refined to allow the detection of very subtle changes in nuclei which are associated with evolving preneoplastic lesions in a number of tissues (11, 12) . The detection of abnormal nuclear characteristics related to changes in the organization of nuclear chromatin may identify subpopulations of cells in which studies of gene and/or protein expression might elucidate mechanisms of ovarian carcinogenesis. Such knowledge could bring considerable insight into the pathogenesis of ovarian cancer. The long-range goals of applying these imaging techniques to the study of ovarian cancer are (a) to determine if this methodology has the potential for use as a screening tool in women at increased genetic risk of ovarian cancer, (b) to determine if surface epithelial cells can be evaluated successfully for nuclear chromatin changes that are linked to carcinogenesis, and (c) to identify premalignant changes in the ovary, which might serve as an intermediate end point in assessing new chemoprevention or screening strategies for ovarian cancer. This exploratory study was undertaken to test the hypothesis that histologically normal-appearing ovarian epithelium from cases harboring an ovarian lesion exhibits socalled malignancy-associated changes characterizing preneoplastic lesions which cannot be perceived by standard light microscopy but which are computationally detectable through karyometric analysis.
Materials and Methods
Patient Selection. The ''normal risk'' group was comprised of women undergoing incidental oophorectomy for benign indications and who lacked a familial predisposition to ovarian cancer (1.4-1.7% estimated lifetime risk). The ''highrisk'' group was comprised of women with a family or personal history of breast and/or ovarian cancer, which implies a higher risk of developing ovarian cancer (>5% lifetime risk) as evaluated by a board certified genetic counselor after review of all pathology reports that were accessible (95%) to document the presence of related cancers. Risk was assessed with the BRCA-PRO which uses the BerryParmigiani method of risk assessment (13) . This group includes a small percentage of patients who will have undergone genetic testing for BRCA-1 and BRCA-2 through Myriad Genetics; those that carry a germ-line mutation will have a much higher probability of developing ovarian cancer than other patients (BRCA-1, 40-60% lifetime risk; BRCA-2, 8-10% lifetime risk). Patients were consented using a University of Arizona Institutional Review Board -approved consent form. Ovaries were harvested at the time of laparoscopic or open oophorectomy and were minimally handled intraoperatively and at the pathology bench to avoid denuding the surface epithelium.
Clinical Site of Selection and Acquisition. All slides were reviewed by a single gynecologic pathologist (J.D.) and cells selected were determined to be normal. The following dyads are used to denote the data sets. All nuclei were measured in histologically normal-appearing epithelium following expert pathology review. This is denoted by the first term ''norm.'' The term following a slash indicates that the ovarian tissue originated from normal-appearing ovarian tissue from a normal risk subject (norm/norm), normal-appearing ovarian tissue from a high-risk subject (norm/HR), or normalappearing ovarian tissue from a woman with ovarian cancer (norm/Ca). Later, subpopulations were formed based on a threshold set in a discriminant function score distribution. These subpopulations were identified by the letter ''b'' for below threshold or ''a'' for above threshold (e.g., norm/HR a versus norm/HR b). The pathology materials for this pilot study consisted of H&E-stained histopathologic sections of histologically normal-appearing ovarian epithelium from 10 low-risk women, with 1,590 nuclei measured (norm/ norm); from 7 women who were considered at high risk of ovarian cancer, with 1,300 nuclei measured (norm/HR); and from 3 women with an adjacent ovarian cancer, in which 500 nuclei in the histologically normal-appearing epithelium were analyzed (norm/Ca). Figure 1A -C illustrates a typical high-power, H&E-stained, light microscopy field for each of the three diagnostic categories. All are considered histologically normal by standard pathology criteria.
Data Acquisition and Analysis Procedures. The recording was done with a 100:1 planapochromatic oil immersion objective, numerical aperture 1.40 (Zeiss, Oberkochen). The relay optics adjusted image sampling to 6 pixels per micron. Image recording was done with a Sony DXC9000, 3CCD color camera (Sony Corporation, Melville, NY). For maximum contrast in the H&E stained sections, only the red channel image was used for feature computation.
After image segmentation, a set of 93 karyometric features was computed for each nucleus. Two numerical measures of deviation from normal were computed. First, the nuclear abnormality for each nucleus based on the nuclear signature (14, 15) and the distribution of nuclear abnormality values in a biopsy were computed. To form the nuclear signature, a reference set of nuclei from the norm/norm data set was used. For these nuclei, the mean and SD of each feature was computed. Thus, for each referenced nucleus, the absolute difference from the mean value of the corresponding reference feature was taken and divided by the corresponding SD for the reference feature. Thus, the deviation from normal is expressed as a ''standardized distance'' or z value. The nuclear signature is formed by arranging the z values for the 93 features in an arbitrary but consistent order as a bar graph.
It is also possible to form an average over the 93 z-values. The result is a single number that is referred to as ''nuclear abnormality.'' The distribution of nuclear abnormality values in a biopsy is called the lesion signature.
The second numerical measure employed in this study consists of discriminant function scores. Discriminant function I was derived to separate surface epithelial nuclei in the norm/ norm data set from those of the norm/Ca data set.
Results
Figure 1A-C shows a typical high power field for each of the three diagnostic categories. For each nuclei, 93 karyometric features, descriptive of the spatial and statistical distribution of the nuclear chromatin, were computed. The values averaged overall nuclei in the norm/norm diagnostic category, and norm/Ca shows an increase for a number of features (see Table 1 ). All feature values are given in arbitrary relative units.
The distribution of nuclear abnormality values (an average deviation from normal based on all 93 feature values) shown in Fig. 2 shows a clearly expressed shift to higher abnormality values, both in the nuclei from norm/Ca and in the nuclei from norm/HR. The right histogram bin represents nuclei of abnormality greater than or equal to 1.5 rather than an interval equal to those further left. Thus, the differences in distribution skewness are even greater than depicted.
As expected, in the norm/norm data set, the mode is seen in the low value range. In the norm/HR and the norm/Ca distributions, a moderate proportion of nuclei extend into a range of 1.0 to 1.5 SD from normal.
The nuclear abnormality is a rather robust measurement formed by averaging all 93 features. At the same time, it is Research. 
Discriminant function I analysis was carried out for the norm/norm versus the norm/Ca data sets. The nonparametric Kruskal-Wallis test identified more than 20 features differing significantly at P < 0.005. Of these, the six features from different feature groups (as shown in Table 1 ) were entered. The correct classification rate for nuclei in this training set was 78.5% (i.e., even the tolerance limits showed only moderate overlap). Given the high significance level used in the feature selection, the sample size to dimensionality ratio of almost 100:1, and the fact that a definitive estimate of classification correctness was not the prime objective, no test data set was run. In any case, the chances for including any spurious feature at all were less than 3%. Figure 3 shows the distribution of discriminant function scores for the norm/norm, the norm/ HR, and the norm/Ca data sets.
It is evident that a second mode at high discriminant function values develops; this occurs in the norm/HR data set. In the norm/Ca data set, the mode characterizing normal epithelial nuclei is shifted toward high scores (i.e., higher abnormality) with the higher value mode further increased.
If one wants to define the changes in nuclear chromatin distribution that characterize these developments, it is essential that the contributions from normal epithelial nuclei present in these epithelia be excluded. Figure 4 shows a threshold setting on the discriminant function score axis, such that most normal epithelial nuclei are below, and nuclei exhibiting changes are above. This leads to the defining of several subpopulations: (a) norm/norm b (below) to represent the most normal nuclei; (b) norm/norm a (above) to represent those nuclei exceeding the threshold; (c) norm/HR b (below) and norm/HR a (above) to characterize nuclei from high-risk cases; and (d) norm/Ca b and norm/Ca a for nuclei from ovarian cancer cases. One finds the following proportions of nuclei above threshold: (a) norm/norm constitutes 10.8% of all norm/norm; (b) norm/HR a is 25.4% of all norm/HR; and (c) norm/Ca a is 57.4% of all norm/Ca. These subpopulations, formed on the basis of the discriminant function score distributions, have markedly different nuclear abnormality distributions (as shown in Fig. 5 ).
The nuclear signatures also show a notable change in certain features (as shown in Fig. 6 ). These changes are somewhat greater in the norm/Ca data set than in the norm/HR data set, but they are strikingly similar. They are also very similar to the nuclear signatures seen in histologically normal tissue from prostates with prostatic intraepithelial neoplasia lesions (16) where only a moderate number of features exhibit notable changes.
Earlier studies have shown that features representing the forming of denser chromatin granules (as represented by the pixel absorbance histogram) are the first to undergo development of preneoplastic changes (17) . In fact, the pixel absorbance histogram in the ovarian data set undergoes a steady shift towards higher pixel absorbance values in an almost identical fashion to the shift seen in one of the first karyometric studies, in the discrimination of tissue culture normal human embryonic lung cells versus human epidermoid carcinoma cells (18) .
A plot showing the 95% confidence ellipses for the bivariate means for two nuclear texture features of the above-described subpopulations shows the monotonic rise from the still normal nuclei in norm/norm b and norm/HR b to the already changing nuclei in norm/Ca b in the norm/HR a and to norm/ Ca a (as shown in Fig. 7 ). Two observations are noted: (a) In the norm/HR data set, the norm/HR b subpopulation is still the same as the norm/norm b nuclei. (b) However, this is no longer true for the norm/Ca b nuclei. This is seen in the average discriminant function scores for these subpopulations as shown in Table 2 below.
The results presented in Table 2 are a simplification, owing to the confidence intervals treating the nuclei as statistically independent. In reality, nuclei from the same individual are not independent. To account for this, we also conducted a mixed model analysis using SAS PROC MIXED, in which category was treated as a fixed effect and subjects were treated as random. An exchangeable correlation structure was implemented. The statistical significance of inter-category differences mirrored those seen in Table 2 .
In the norm/norm data set, a small percentage of nuclei (10.8 %) also exhibit feature values of the range expected in a population of normal epithelial nuclei (average discriminant function score of 1.783). As one would expect, whereas more abnormal than the nuclei below the threshold in all categories, they appear to be less abnormal than norm/HR a and norm/ Ca a nuclei. In conclusion, normal epithelial cells from ovaries containing a malignant lesion do exhibit statistically significant differences in the values of features characterizing the nuclear chromatin pattern. They indicate the formation of denser granules of chromatin. Such a change is typical for chromatin in premalignant and malignant cells. Thus, the hypothesis is that in histologically normal ovarian epithelium, a field effect of preneoplastic ''malignancy associated changes'' can be seen at a high level of significance. In fact, not only are the mean feature values significantly different, the tolerance regions even show minimum overlap so that there is a prospect for diagnostic classification. To some extent, these changes are clearly expressed in a substantial proportion of nuclei from the ovarian epithelium of cases with no malignant lesions, but with a classification of high risk for development of ovarian cancer. Figure 8 shows a regression curve of the mean risk, which was calculated from the personal and family history of cancer, plotted against the discriminant function score. As risk increases, discriminant function score (i.e., nuclear abnormality) increases in a linear manner. Here, clearly a preneoplastic lesion is present.
Power and Sample Size. This pilot data provides useful information in determining the sample size needed for subsequent studies. For simplicity, case averages of the average nuclear abnormality and discriminant function score were calculated and sample size determined on the basis of a simple t test. This is statistically conservative, in that each case provided one piece of information for each outcome, whereas in more extensive studies, mixed models that use the unique information contained in each nucleus would be implemented. The average nuclear abnormality (F SD) was 0.438 F 0.054 for normal women, 0.903 F 0.628 for high-risk women, and 1.077 F 0.703 for women with cancer. Based on a two-sided t test with a criterion probability of 0.05, a sample size of 20 women in each risk category would be required to achieve 80% power for a comparison of means between normal and high-risk women. As few as 13 women per each risk category would provide 80% power when comparing normal with cancer. It is possible to increase statistical power when comparing high-risk women with those with cancer by assessing the 10% worst nuclei only. As noted earlier, this approach reduces heterogeneity stemming from the fact that not all nuclei change for the worse across categories. For the 10% worst nuclei, the mean average nuclear abnormality was 1.593 F 0.890 for high-risk women Bivariate plot showing the means and 95% confidence regions for two karyometric features, texture feature 006, the variance of pixel absorbance values, texture feature 316, and nuclear absorbance at a point 20% below the average value. The reference nuclei norm/norm b and the nuclei below threshold from the data set in high-risk cases are situated close together, but the nuclei below threshold for the cancer cases already appear changed in the direction of the mean values found for the nuclei clearly exhibiting deviation from normal in the high-risk and in the cancer cases. These represent changes in an intraepithelial lesion. (18), in its assessment of statistical significance of a difference between clusters, relies on the tolerance regions rather than on the difference in the cluster centroid location. The two clusters formed by the P-index were not found to be statistically significant, according to the Beale statistic (P = 0.72; ref. 19) . However, when submitted to a Kruskal-Wallis test, the two clusters were shown to have statistically higher significant differences for more than 20 karyometric features at P < 0.005.
Discussion
This study was planned and executed as a pilot designed to explore the potential usefulness of nuclear karyometry in identifying epithelial ovarian changes which might be undetectable by standard light microscopy. The results show clearly the presence of changes in the nuclear chromatin in both the normal-appearing ovarian surface epithelium of the cases with ovarian cancer and the ovaries of women without an ovarian lesion but at increased risk for development of ovarian cancer, based on their personal or family history of breast and/or ovarian cancer. These abnormalities were present in the ovarian nuclei from women at normal risk of ovarian cancer, but in very small numbers. The recorded changes are similar to those observed in the histologically normal-appearing tissue of other organs harboring premalignant and/or malignant lesions [e.g. in the bladder (20) , cervix (21), prostate (11), breast (22) , colon (23) , and thyroid (24)].
In the ovarian epithelium, the primary change is the development of chromatin granules that are optically denser than normal, leading to a shift in the pixel absorbance histogram towards higher absorbance values. Such a shift was first observed in one of the original analytic studies of digitized imaging of cells in cultured cells from human embryonic lung and from human epidermoid carcinoma (18) .
Shifts in the pixel absorbance histogram have been found to be one of the earliest indicators of change in the nuclear chromatin pattern (17) . Such changes are seen not only in sections from ovaries harboring malignant lesions but also in the ovaries from women at increased risk of developing ovarian cancer who do not have a preneoplastic or neoplastic lesion. In these epithelia from higher risk women, a certain proportion of cells remained unchanged with the same characteristics as seen in the majority of the normal epithelium. This is no longer the case for the epithelium from ovaries harboring a malignant lesion. The entire ovarian surface epithelium seems to express a field defect in which there are few cells left with completely normal characteristics.
These changes in the chromatin pattern of nuclei in the histologically normal-appearing surface epithelium suggest the potential for the development of a malignant lesion or the presence of an already existing malignant lesion. One may call these tissue regions ''intraepithelial lesions'' or ''preneoplastic lesions,'' as clearly there is not yet any visually evident neoplasia. Our use of the term ''preneoplastic'' is meant to suggest that these changes are consistent with very early signs of the onset of a neoplastic process that is not yet apparent by visual inspection and, certainly, before any change in tissue architecture. In the literature, the term ''malignant associated change'' has been used, as these changes were first observed in cases with a co-occurring carcinoma. Since then, the nuclear chromatin changes have been seen associated with premalignant lesions. However, there is no conclusive evidence that the changes in the chromatin pattern herald an inevitable progression to malignancy. In fact, it is a common misconception that precursor lesions are destined or obligated to progress to invasive malignancy. Malignant transformation is a stepwise, stochastic process in which the transition from one stage to the next is a relatively uncommon event. The presence of a preneoplastic lesion signals an increase in the risk of malignant transformation but does not guarantee that such transformation will occur.
One of the limitations of this study is the composition of the high-risk group. All women in this group had an increased risk of ovarian cancer because of their personal or family history of breast or ovarian cancer. However, they were heterogeneous in the sense that their lifetime risk ranged from 5% to 40%. The majority of publications have designated the high-risk group as known carriers of a BRCA-1 or BRCA-2 mutation. Thus, our study is limited somewhat by this heterogeneity. However, the lack of heterogeneity would underemphasize the effects of risk on nuclear abnormalities.
In conclusion, we have provided novel evidence in support of the hypothesis that distinctive changes in the nuclear chromatin pattern can be detected in the histologically normal-appearing ovarian epithelium from women with or at high risk of developing ovarian cancer. This suggests that there may well be a recognizable precursor lesion related to ovarian cancer which has not been previously characterized, due to its lying below the limits of visual detection afforded by standard light microscopy. These provocative pilot data warrant confirmation in a larger, appropriately powered replication data set.
If our preliminary observations prove correct, the implications for the early detection and prevention of ovarian cancer are potentially profound. The clinical uses of karyometric analysis of risk include (a) quantitation of risk using a more robust measurement than family history, (b) as a screening tool when karyometry is more automated, and (c) as a surrogate biological end point in ovarian cancer chemoprevention trials. 
